In neocortical pyramidal neurons, the medium (mAHP) and slow AHP (sAHP) have different relationships with intracellular [Ca 2+ ] (Abel et al. 2004). To further explore these differences, we varied bath temperature and compared passive and active membrane properties and Ca 2+ transients in response to a single action potential (AP), or trains of APs. We tested whether (i) Ca 2+ dependent events are more temperature-sensitive than voltage-dependent ones, (ii) the slow rise time of the sAHP is limited by diffusion, and (iii) temperature sensitivity differs between the mAHP and sAHP. The onset and decay kinetics of the sAHP were very temperature-sensitive (more so than diffusion). We found that the decay time course of Ca 2+ transients was also very temperature sensitive. In contrast, the mAHP (amplitude, time-to-peak and exponential decay) and sAHP peak amplitude were moderately sensitive to temperature. The amplitudes of intracellular Ca 2+ transients evoked either by a single spike or a train of spikes showed modest temperature sensitivities. Pyramidal neuron input resistance was increased by cooling. With the exception of threshold, which remained unchanged between 22 o -35 o C, action potential parameters (amplitude, half-width, maximum rates of rise and fall) were modestly affected by temperature. Collectively, these data suggest that (i) temperature sensitivity was higher for the Ca 2+ -dependent sAHP than for voltage-dependent AP parameters or for the mAHP, (ii) diffusion of Ca 2+ over distance cannot explain the slow rise RC. Relationships between intracellular calcium and afterhyperpolarizations in neocortical pyramidal neurons. J Neurophysiol 91: 324-335, 2004. Aihara H, Okada Y, and Tamaki N. The effects of cooling and rewarming on the neuronal activity of pyramidal neurons in guina pig hippocampal slices. Brain Res. 893: 36-45, 2001. Bayliss DA, Umemiya M, and Berger AJ. Inhibition of N-and P-type calcium currents and the after-hyperpolarization in rat motoneurones by serotonin. J. Physiol. Lond. 485: 635-647, 1995. Bond CT, Herson PS, Strassmaier T., Hammond R, Stackman R, Maylie R, and Adelman JP. Small conductance Ca 2+ -activated K + channel knock-out mice reveal the identity of calcium-dependent afterhyperpolarization currents. J Neurosci. 24: 5301-5306, 2004. Borst, JGG, and Sakmann B. Calcium current during a single action potential in a large presynaptic terminal of the rat brainstem. Bowden, SHE, Fletcher, S., Loane, DJ, and Marrion, NV. Somatic colocalization of at SK1 and D clas (Cav1.2) L-type calcium channels in rat CA1 hippocampal pyramidal neurons. J. Neurosci. 21: RC175 (1-6), 2001. Connors BW, Gutnick MJ, and Prince DA. Electrophysiological properties of neocortical neurons in vitro. J Neurophysiol. 48:1302-20, 1982. Cox CL, Denk W, Tank DW, and Svoboda K. Action potentials reliably invade axonal arbors of neocortical neurons. PNAS 97: 9724-9728, 2000. Dodt HU and Zieglgansberger W. Visualizing unstained neurons in living brain slices by infrared DIC-videomicroscopy. Brain Res 537: 333-336, 1990.
Introduction
Brain temperature is an important variable in determining the damage done to cortical neurons following ischemic insults (e.g., Ren et al. 2004 ) .
Reversible cooling is also used to inactivate cortical regions during in vivo experiments (e.g., Ferster et al. 1996; Michalski et al. 1993 ). Furthermore, in vitro experiments are conducted at different temperatures and one would like to be able to compare experiments between laboratories and to relate the in vitro findings to physiological conditions in vivo. For all of these reasons, it is important to understand the temperature-sensitivity of cortical neurons.
Relatively few studies have examined the temperature-dependence of passive and active electrical membrane properties in vertebrate neurons. Thompson et al. (1985) provided a detailed look at temperature-sensitivity in guinea pig CA1 pyramidal neurons. They determined that cooling from physiological temperatures (37 o C) to between 33 o C and 27 o C resulted in increased input resistance, larger and wider action potentials, increased AHP amplitude and increased spike frequency adaptation (see also Shen and Schwartzkroin, 2001 ). The last two parameters are Ca 2+ -dependent and were particularly temperature-sensitive. Similar effects on input resistance and action potentials were reported for spinal motoneurons (Klee et al. 1974 ) and hypothalamic neurons (Griffin and Boulant, 1995) . Passive decay of voltage transients was also found to be greatly prolonged at lower temperatures in layer II/III neocortical pyramidal cells (Trevlyan and Jack, 2002) . JN-01017-2004.R1 6
The effects of temperature are likely to differ between cell types because the coupling of Ca 2+ channels to AHP channels varies between cell types (Pineda et al. 1998; Moyer and Disterhoft, 1994; Bowden et al. 2001; Martinez-Pinna et al. 2000; Bayliss et al. 1995; Hallworth et al. 2004 ) and there are differences between cell types in intrinsic Ca 2+ buffering [including layer V pyramidal cells (Helmchen et al. 1996) (Volgushev et al. 2000a) . Similar conclusions about the temperature-dependence of synaptic transmission were reached by Hardingham and Larkman (1998) in neocortex and Aihara et al. (2001) and Fujii et al (2002) in CA1. These studies indicate that caution is necessary when inferring physiological consequences from experiments at lower temperatures. Rosen and Morris (1994) showed alteration of EPSPs and IPSPs by temperature in layer II-III rat frontoparietal slices, as well as an altered response of these cells to anoxia. Specifically, cooling reduced the anoxic depolarization and increased input resistance.
One would expect that temperature-related changes in spike height and width would alter Ca 2+ entry in cortical neurons (c.f., Stewart and Foehring, 2001) and thus alter Ca 2+ transients in response to APs. (Lorenzon and Foehring, 1992; Pineda et al. 1998; Abel et al. 2004 ). Single action potentials are followed by a fast AHP (fAHP) and a medium (Pineda et al. 1998) . The mAHP appears to be due to small conductance Ca 2+ -dependent K + channels (sK: Sah and Faber, 2002, Vogalis et al. 2003) . The channels underlying the sAHP are unknown. We used changes in temperature to gain insight into the nature of these sAHP channels.
Activation of the sAHP requires multiple (3-5) spikes and there is a long latency to peak. One potential reason for the slow rise time would be slow diffusion of Ca 2+ from sites of entry to the sAHP channels (Lancaster and Zucker, 1994; Sah and Faber, 2002) . Alternative explanations include slow intrinsic channel kinetics (Sah and Faber, 2002) or involvement of an intermediate between Ca 2+ and the channels (Schwindt et al. 1992b , Sah and Faber, 2002 , Abel et al. 2004 . We examined the temperature sensitivity of the sAHP rise time in neocortical pyramidal neurons to test whether diffusion could explain the sAHP's slow rise. We found this parameter to be highly temperature-sensitive, ruling out diffusion as a primary limiting factor (cf. Sah and McLachlan, 1992 for vagal neurons).
We compared input resistance, action potentials, and Ca 2+ transients in response to a single AP or trains of APs in order to test whether (i) Ca-dependent events are more temperature-sensitive than voltage-dependent ones, (ii) the temperature sensitivity is different between the mAHP and sAHP.
Materials and Methods
The brain was removed from metofane-anesthetized Sprague-Dawley rats ] free ranging from 0 to 400 nM. The resulting calibration curve was used to estimate resting calcium in our cells (from ratiometric measurements taken at a holding potential of -70 + 5 mV).
In our experiments, fluorescence values (at 380 nm) were converted to Ca 2+ concentrations using a modification of the method described by Lev Ram et al.
(1992). The following equation was used:
(1)
] i from % F/F. This formula was derived by Wilson and Callaway (2000) and employed here because it did not require a measurement of the maximal possible fluorescence change, which requires loading the cell maximally with calcium. Sb380/Sf380 is the ratio of bound to free fura-2 fluorescence (see Grynkiewicz et al. 1985) , which we determined in our calibration to be ~10. Corrections for photo-bleaching were made by subtracting the Ca 2+ signal from an equal-length control sweep containing no stimulus. Tissue auto-fluorescence was accounted for subtracting the fluorescence of a non-fura-loaded area of tissue near the cell.
Unless otherwise stated, data are presented as mean + SD. Further analysis was conducted using Igor Pro (Wavemetrics, Lake Oswego, OR) and
Kaleidagraph ( ] i with changes in temperature. Our calibrations for K D were performed at RT. The K D for fura-2 binding to Ca 2+ is only moderately temperature-sensitive. We estimate the Q 10 as ~0.9 (K D increases with cooling) from the published data of Shuttleworth and Thompson (1991) or Larsson et al. 1999 ). Temperature-related pH changes are also unlikely to alter our conclusions either, as Grynkiewicz et al.
(1985) reported very little sensitivity of fura-2 to pH changes in the physiological range (see also Lattanzio and Bartschadt, 1990) . For our carbogen-bubbled aCSF, we measured a pH change of <0.1 over the 22-35 o C range. Fura-2 also shows a very slight reduction in fluorescence ratio (380/340 nm) with cooling and some temperature-related alterations in photophysics (Oliver et al. 2000) . These photophysical changes were not due to pH or viscocity and appear due to prolonged fluorescence lifetimes at lower temperatures (Oliver et al. 2000) . Larsson et al. (1999) reported no change in absorbtion maxima or isobestic point with temperature (5-37 o C).
Results
Recordings were obtained from cells visually identified under IR/DIC and fluorescence imaging as pyramidal cells in layer II or III. All of the cells fired repetitively in a regular spiking pattern (McCormick et al. 1985) . Cells with a resting potential negative to -60 mV and APs that overshot 0 mV were chosen for study.
To allow comparison of cells under steady-state conditions at two temperatures (see Introduction), data were obtained at one temperature for each cell in most of our experiments. (Thompson et al. 1985; Volgushev et al. 2000a,b; Shen and Schwartzkroin, 1998 ; but see Grifin and Boulant, 1995) . In most cases, we did not directly test the effects of cooling on membrane potential, however RMP was not significantly different between temperatures, when measured at the initial temperature at the beginning of the experiment ( Figure 1B ; Table 1 ). Thereafter, DC current was used to maintain RMP at ~-60 mV for all experiments. To determine input resistance, current was injected (500 ms) to hyperpolarize the membrane by 10-20 mV from -60 mV (R N = V/I). Input resistance was highly temperature sensitive and was significantly higher at RT than at 33°C ( Figure 1A , Table 1 ).
In 10 cells we obtained data for RMP, input resistance and single spike parameters at both 35 o C and RT. In these cells, measurements were made after > two minutes at each stable temperature. In these cells, input resistance was reversibly and significantly increased at RT and we observed no consistent difference in RMP with temperature.
We evoked a single AP with a 5 ms, just suprathreshold depolarizing current injection at either RT or 33°C. Compared to 33 o C, at RT the spike was significantly broader (1/2 width, base width) and the rates of spike rise and repolarization (dV/dt) were significantly slower (Table 1) . Spike threshold and amplitude were not significantly different at the two temperatures ( Fig. 1B , Table   1 ), although when measured at both temperatures in the same cell, AP amplitude was larger at RT in 9 of 10 cells tested (significant difference; see inset Fig. 1B ). In these 10 cells, significant differences were also observed for AP half width and base width, and for the rates of spike rise and repolarization, but not AP threshold (data not shown). Spike threshold did not vary significantly with temperature in these 10 cells. All of these effects were at least partially reversible. With the exception of spike threshold (unaffected by temperature), all spike parameters show moderate temperature dependence, as indicated by their Q 10 ratios (Table 1) .
Ca 2+ Transients from a Single Action Potential
The temperature-dependent alterations in the single action potential parameters, especially increased spike duration at lower temperatures, would be expected to result in greater Ca 2+ entry with each AP (Stewart and Foehring 2001). We elicited single APs ( 5 ms current injection) and measured fluorescent changes in fura-2 to estimate changes in [Ca 2+ ] i .
In response to a single spike, the amplitude of the somatic Ca 2+ transient did not change significantly with increasing temperatures (Figure 2 , Table 2 ). ] i tended to be larger at RT, but this difference was not statistically significant (p < 0.22). The peak amplitude of the Ca 2+ transient was moderately temperature sensitive, but the decay time was very temperature sensitive (Table 2) . In seven cells, we obtained fura-2 data for the soma and proximal apical dendrites (25-50 µm from the soma). The amplitudes were consistently larger and the decay consistently shorter for apical dendritic vs. somatic transients ( Table 2 ). The Q 10 s were not significantly different for somatic vs. dendritic transients (Table 2) .
Temperature dependence of mAHP
We examined the consequences of the broad spikes and prolonged elevations in [Ca 2+ ] i at RT, for Ca 2+ -dependent events in the cell. A Ca 2+ dependent mAHP is evoked following a single action potential ( Figures 1C, 2) .
Peak mAHP amplitude did not differ significantly between the two temperatures. Conversely, the decay of the mAHP decreased significantly with temperature. The mAHP is only moderately sensitive to changes in temperature, however, with Q 10 ratios for mAHP amplitude and decay ~0.8-0.9 (Table 2) .
In a few cells, I mAHP was elicited by a 50 ms voltage step from -60 mV to +10 mV (data not shown). We do not have spatial control of voltage with this protocol, however the AHP channels are not voltage-dependent and we have shown that tail currents elicited in this manner reverse at ~ E K , suggesting adequate control for these small, slow currents (Abel et al. 2004) . The time-topeak (TTP) and decay were significantly longer at RT vs. 33 o C ( We elicited Ca 2+ signals with 10 APs (5 ms suprathreshold current injections) at 50 Hz. The peak amplitude of [Ca 2+ ] i occurred immediately following the final spike of the train and did not differ significantly with temperature (Table 3 ). The Q 10 for peak amplitude was also modest ( ] i was very temperature sensitive (Table 3) . Total charge entry, estimated as the time integral of the current, was significantly greater at RT (Table 3) .
Temperature dependence of sAHP
In pyramidal neurons, the slow afterhyperpolarizations (sAHP) are Ca 2+dependent (Madison and Nicoll, 1984; Schwindt et al. 1988b; Lorenzon and Foehring, 1993; Pineda et al. 1998; Abel et al. 2004 ] i were stable for > 30 minutes (Fig. 3B ). For the sAHP, peak amplitude was larger ( Figure 3 ; Table 3 ), TTP was significantly longer (Figure 3 ; Table 3 ), and decay was significantly longer at RT (n = 13 cells) than at 33 o C (n = 28 cells: Table 3 ). The peak sAHP amplitude was moderately temperature sensitive but the decay of the sAHP was very temperature-sensitive (Table 3) .
We also examined I sAHP in voltage clamp (Figure 4 ). We used a step to +10 mV (500 ms) from a holding potential of -60 mV to elicit Ca 2+ entry. See above for discussion of spatial clamp of voltage (Abel et al. 2004 ). The tail currents decay with three exponentials, with the slowest corresponding to I sAHP (Abel et al. 2004 ).
The decay of this slow component was significantly slower and had a significantly longer time-to-peak at RT than at 33 o C (Figure 3 ; Table 3 ). The TTP was particularly temperature-sensitive (Table 3 ). In a few cells (n = 7), I sAHP was isolated from I mAHP by application of 50-100 nM the selective sK blocker apamin ( Fig. 4 ; Abel et al. 2004) , to allow examination of the for the onset of I sAHP . In these cells the exponential rise to the peak I sAHP ( onset ) was highly temperaturesensitive and significantly slower at RT than at 33 o C (Fig. 4 , Table 3 ).
Discussion
To evaluate the temperature-dependence of Ca 2+ -dependent mechanisms regulating pyramidal cell excitability, we compared passive and active membrane electrical responses and Ca 2+ transients in response to a single AP or trains of APs in order to test whether (i) Ca 2+ -dependent events are more temperature-sensitive than voltage-dependent ones, (ii) the slow rise time of the sAHP is limited by diffusion, (iii) temperature sensitivity is different between the mAHP and sAHP. sAHP Rise phase kinetics. At physiological temperatures, the sAHP (and the underlying I sAHP ) reaches it's peak slowly ( = 122 ms for I sAHP ) and decays much slower than the mAHP ( ~ 1-2 s for both the sAHP and I sAHP ) (Schwindt et al. 1988a,b; Lorenzon and Foehring, 1992; Pineda et al. 1998) . One potential reason for the slow rise time of the sAHP would be slow diffusion of Ca 2+ from sites of entry to the sAHP channels (Sah and Faber, 2002; Schwindt et al. 1992a ).
Alternative explanations include slow intrinsic channel kinetics (Sah and Faber, 2002) or involvement of an intermediate between Ca 2+ and the channels (Schwindt et al. 1992a , Sah and Faber, 2002 , Abel et al. 2004 Vogalis et al. 2003) .
The temperature-dependence of aqueous diffusion is estimated at ~1.3 (Hille, 2001) . We found many AP-related parameters to have Q 10 s similar to diffusion (0.7 -1.3 , depending on direction of change). In contrast, we found the temperature sensitivity of the sAHP rise time in neocortical pyramidal neurons to be much more temperature-sensitive than diffusion [Q 10 ~ 0.2-0.3 (equivalent to Q 10 ~ 3-5 for measurements that increase with temperature: see Methods)].
This finding rules out diffusion as the primary limit for the sAHP's slow rise in Passive properties and Single AP. We found that input resistance was very temperature sensitive and increased with cooling (c.f., Thompson et al. 1985; Volgushev et al. 200b; Griffin and Bouland, 1995) . Action potential threshold was insensitive to temperature. AP amplitude was consistently enhanced at lower temperatures ( Figure   1B ). Spike width increased and the rates of rise and fall of the spike were prolonged at RT, compared to 33 o C. Q 10 's for all of these parameters were modest (near the Q 10 for JN-01017-2004.R1 25 diffusion: i.e., 1.3 for increase with increasing temperature, 0.76 for increase with decreasing temperature), with the exception of AP width (at threshold voltage), which had a Q 10 of 0.5. All of these findings are consistent with those of Thompson et al. (1985) in guinea pig CA1 pyramidal neurons and Volgushev et al (2000b) for layer II/II pyramidal cells in rat visual cortex. Volgushev et al. (2000b) attributed the change in resting potential, input resistance, and action potentials primarily to changes in K + conductance, with little change in Na + conductance. We found the Q 10 for the rate of spike repolarization to be lower than the Q 10 obtained by Thompson et al. (1985) . This may be related the lesser influence of Ca 2+ -dependent K + conductances in spike repolarization in neocortical pyramidal cells (Schwindt et al. 1988a; Lorenzon and Foehring, 1993; Pineda et al. 1998) . vs. CA1 pyramidal neurons (Shao et al. 1999; Storm, 1990 ).
The broader APs at RT would result in greater Ca 2+ entry through voltage-gated channels. Our previous study of Ca 2+ currents in response to mock AP waveforms (at RT) suggests that a 2-fold increase in spike width would result in ~1.5 fold increase in total charge entry at RT (Stewart and Foehring, 2001) . Effects on the peak amplitude of the Ca 2+ current are more complicated and depend on whether increased spike width is due to slower rise time (peak increases with increased width) or slowed repolarization Summary. Our principal findings were that (1) Ca 2+ -dependent events were in general much more temperature-sensitive than voltage-dependent ones,
(2) Our Q 10 data show that the slow rise time of the sAHP can not be explained by diffusion of Ca 2+ from a remote source of entry, and (3) The sAHP is much more sensitive to temperature than the mAHP. These data provide further evidence that the channels underlying the sAHP have a different relationship to Ca 2+ entry than the mAHP channels (Pineda et al. 1998; Abel et al. 2004) . These data are also consistent with the sAHP being more closely related to bulk cytoplasmic Means + SD (number of cells). RMP = resting membrane potential. R N was calculated as R N = V/I, where V = voltage (mV) and I = current (pA). Current (I) was chosen to elicit a 10-20 mV hyperpolarization. AP 1/2 width = width of AP at point mid-way between RMP and peak of AP. AP base width = width of AP at RMP. * = significant difference between temperatures (p < 0.05, unpaired t-test). RT (room temperature) = 23 + 1 o C. 
